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The foam material of interest in this investigation is a rigid closed-cell polyurethane foam PMDI with a nominal density
of 20 pcf (320 kg/m3). Three separate types of compression experiments were conducted on foam specimens. The hetero-
geneous deformation of foam specimens and strain concentration at the foam–steel interface were obtained using the 3-
dimensional digital image correlation (3D-DIC) technique. These experiments demonstrated that the 3D-DIC technique
is able to obtain accurate and full-ﬁeld large deformation of foam specimens, including strain concentrations. The exper-
iments also showed the eﬀects of loading conﬁgurations on deformation and strain concentration in foam specimens. These
DIC results provided experimental data to validate the previously developed viscoplastic foam model (VFM). In the ﬁrst
experiment, cubic foam specimens were compressed uniaxially up to 60%. The full-ﬁeld surface displacement and strain
distributions obtained using the 3D-DIC technique provided detailed information about the inhomogeneous deformation
over the area of interest during compression. In the second experiment, compression tests were conducted for cubic foam
specimens with a steel cylinder inclusion, which imitate the deformation of foam components in a package under crush
conditions. The strain concentration at the interface between the steel cylinder and the foam specimen was studied in detail.
In the third experiment, the foam specimens were loaded by a steel cylinder passing through the center of the specimens
rather than from its end surface, which created a loading condition of the foam components similar to a package that has
been dropped. To study the eﬀects of conﬁnement, the strain concentration and displacement distribution over the deﬁned
sections were compared for cases with and without a conﬁnement ﬁxture.
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Polyurethane (PU) foam is an engineering material for energy absorption and has been widely used in
many applications such as packaging and cushioning. The foam protects sensitive objects from damage by
undergoing large deformation at constant crush stresses (Gibson and Ashby, 1994). The mechanical
behavior of PU foams has attracted attention from engineers and researchers. Tu et al. (2001) studied
the mechanical response of rigid PU foams under compression in the rise and transverse direction and
found that the diﬀerent deformation responses in diﬀerent directions are attributed to the anisotropy in
the internal cellular structure. A theoretical analysis employing the concept of deformation bands was pro-
posed to describe the deformation localization. Gong et al. (2005) and Gong and Kyriakides (2005)
recently have performed more thorough research on understanding the responses of open cell foams to
uniaxial compression in the rise and transverse directions. They characterized the cell and ligament mor-
phology of PU foams with various cell sizes and experimentally studied the mechanical properties of these
foams. The Kelvin cell model was used to describe the initial elastic behavior of the foams under uniaxial
compression. The nonlinear aspects of the compressive response and crushing of open cell foams were also
studied based on this anisotropic Kelvin cell model.
There have been relatively few studies on closed-cell rigid high density [greater than 12 pcf (192 kg/m3)] PU
foams. A recent series of work characterized and modeled the compressive mechanical response of a speciﬁc
rigid closed-cell PU, PMDI (polymeric methylene diphenyl diisocyanate) foam, with a nominal density of
20 pcf (320 kg/m3). Numerous experiments of various loading conditions were conducted to study the eﬀects
of temperature and strain rate on the mechanical behavior of the foam specimens (Lu et al., 2005). These cal-
ibration tests were used to determine the material parameters for the viscoplastic foam model (VFM) (Neilsen
et al., 2006). The VFM is described in Appendix A. This model has been numerically implemented within the
SIERRA framework for use by quasi-static, ADAGIO, and nonlinear transient dynamic, PRESTO, ﬁnite ele-
ment codes (Mitchell et al., 2001; Koteras et al., 2006).
In the foam experiments, the typical strain gage technique is not applicable due to the compliance and very
large deformation of the foam specimen. The newly developed DIC technique has proven successful when
applied to soft materials and large deformations. The DIC technique is a full-ﬁeld surface deformation mea-
surement technique that mathematically compares a subset of a digital image from a reference conﬁguration
with a digital image from a deformed conﬁguration. Researchers at the University of South Carolina (Chu
et al., 1982; Peters and Ranson, 1982; Sutton et al., 1983, 1986; Bruck et al., 1989) originally proposed and
developed this technique, which has become an accepted method by the experimental mechanics community
for measuring the surface displacement with subpixel resolution. First, gray scale random speckle patterns
were generated on the specimen surfaces. The digital images were obtained from the specimens before and
after the deformation. The images were then used to calculate the displacement and strain distributions of
the specimen surface. The DIC technique not only can measure a wide range of strains, from sub-millistrain
up to 500%, but also is applicable to various sizes of specimens. Bastawros and Evans (2000) and Issen et al.
(2005) studied the deformation heterogeneity in Al foams using the DIC technique. Wang and Cuitino (2002)
showed that the DIC technique is able to capture the heterogeneous deformation for ultra-light open-cell
foams during compression.
In the conventional 2D-DIC technique, a single camera is used to measure in-plane displacement and strain
ﬁelds on planar specimens. The specimen surface must be positioned parallel to the camera sensor and must
undergo planar deformation. Any misalignment and out-of-plane displacement of the specimen will introduce
errors into the measurement. These requirements are impractical for the foam experiments, which typically
exhibit a fair amount of out-of-plane displacement when the foam specimens undergo large deformation.
In the 3D-DIC technique, two cameras allow a three-dimensional measurement of the specimen shape, dis-
placement, and strain ﬁelds. First, the calibration parameters for each camera and 3D relative position of these
two cameras are determined. Then, the point correspondences between this pair of images of the specimen
acquired from these two cameras are calculated. The 3D specimen surface shape is reconstructed. The dis-
placement and strain ﬁelds are then computed in the three-dimensional Cartesian coordinates from the image
pairs before and after deformation. Here, the 3D-DIC technique is applied to achieve higher accuracy in strain
and deformation measurements during the foam compression tests.
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PMDI foam specimens using the 3D-DIC technique via a series of compression tests with various loading con-
ﬁgurations. These tests will provide experimental detail for the validation of the previously developed VFM.2. Foam specimens
The foam material studied in this paper is rigid closed-cell polyurethane foam PMDI. The nominal density
of the foam material is 20 pcf (320 kg/m3) and the relative density is 0.267. The foam material is manufactured
at a DOE facility in Kansas City. The average cell size is about 150 lm as shown in the scanning microscopic
image of the cross section perpendicular to the rise direction in Fig. 1.
All the specimens were cut from the same foam billet. The density of each specimen was measured carefully,
with variation among the specimens. The 35 tested specimens in this study have densities that varied from
18.42 pcf (294.7 kg/m3) to 20.49 pcf (327.8 kg/m3). To generate the random gray speckle patterns for the pur-
pose of the DIC technique, a ﬂat thin layer of white paint was ﬁrst applied to the surface of foam specimen.
When the base layer was dry, a black speckle pattern was sprayed randomly on top of the white layer. A dig-
ital image of the random speckle pattern from a 1-in. foam specimen is shown in Fig. 2.3. Experiments
The 3D-DIC system is composed of two CCD cameras with a resolution of 1280 · 1024 pixels. At full res-
olution, the maximum frame rate of the cameras is 500 frames per second (fps). These two cameras are capable
of 8000 fps at a reduced resolution for the high strain rate tests. The frame rate used in these experiments is
25 fps because the compression is quasi-static, about 0.05 in./s (1.27 mm/s). The measuring distance, base dis-
tance, camera angle, focal length, and aperture of these two cameras were calibrated according to the specimen
size before the tests (GOM).
The compression tests were carried out on an MTS 858 Mini Bionix Axial-Torsional System with TestStar-
IIM controller. The axial load and stroke were recorded during the compression. The digital images of spec-
imens were acquired during the compression tests. Fig. 3 shows the experimental setup.
Three sets of foam experiments were conducted, with the compressive load always applied parallel to the
foam rise direction. The ﬁrst set of experiments studied the heterogeneous deformation of the 1.0-in.
(25.4 mm) cubic specimens during uniaxial compression. The other two sets of experiments were conductedFig. 1. SEM image of foam PMDI 20.
Fig. 2. A digital image of a 1-in. foam specimen surface with random speckle pattern.
Fig. 3. Experimental setup of 3D-DIC system for the foam compression test.
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age crush and package drop. The second set of experiments was conducted on 1.5-in. (38.1 mm) cubic foam
samples with a 0.5-in. (12.7 mm) diameter steel cylinder inclusion to study the local strain concentration at the
foam–steel interface when the foam specimen was compressed. The compressive load was applied to the foam
specimens from top and bottom surfaces. The third set of experiments was conducted on 1.5-in. (38.1 mm)
cubic foam samples with a 0.5-in. (12.7 mm) steel cylinder passing through the specimen normal to the loading
direction, but with the load applied to the steel cylinder while the foam block was restrained with and without
conﬁnement around the foam. This experiment simulated the application of foam as a packaging material
when a package is dropped.4. Heterogeneous deformation
Uniaxial compression was applied to the top and bottom surfaces of the 1.0-in. (25.4 mm) cube foam spec-
imens. The load was along the foam rise direction. The geometry of the specimen and the compression direc-
tion are shown in Fig. 4.
The specimen was compressed up to 60% under the displacement control of 0.05 in./s. From the load and
stroke data, the normalized compressive load–displacement curves (or engineering stress–strain curves, F/Ao
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Fig. 4. 1.0-in. (25.4 mm) cubic foam specimen for uniaxial compression.
6934 H. Jin et al. / International Journal of Solids and Structures 44 (2007) 6930–6944versus DL/Lo) are plotted in Fig. 5. The specimen with a higher density (specimen 20) shows a higher plateau
(or crush) stress than the specimen with lower density (specimen 21). The stress–strain curves shown in Fig. 5
deviate away from the typical stress–strain responses of foam material as provided by Gibson and Ashby
(1994). Instead of stress rise due to densiﬁcation in a typical foam, the stress level drops close to the end of
stress plateau. The foam specimens failed and were fragmentized at the point where the stress dropped from
the plateau level. Specimen 20 failed at an averaged compressive strain of 50%, specimen 21 failed at a com-
pressive strain of 38%, and specimen 24 failed at a compressive strain of 33%. The failure may be due to the
heterogeneous density and strain distributions of the foam specimen. Cracks occurred locally and eventually
the foam specimen failed.
The 3D-DIC technique was applied to study the deformation of the foam specimens. Digital images were
recorded at a rate of 25 fps with a resolution of 1280 by 1024 pixels, which covered an area slightly larger than
the xy-surface of an undeformed foam specimen; therefore, the spatial resolution of each pixel is about 25 lm
for the ﬁrst set of specimens. The uncertainty of the DIC results was determined based on the correlation
between two images with rigid body motion only. The strain ﬁeld due to the uncertainty of DIC for the foam
experimental setup is shown in Fig. 6. The engineering strain values of Exx and Eyy are less than 0.1% for the
whole correlation area. Therefore, the 3D-DIC technique is suitable to accurately acquire the strain ﬁeld for
the foam compression tests. The heterogeneous strain distributions of the foam material at the global
compressions of 10% and 20% are shown in Fig. 7(a) and Fig. 8(a).0
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Fig. 5. Compressive stress–strain curves for 1.0-in. (25.4 mm) cubic foam specimens.
Fig. 6. The random error in the strain ﬁelds for two images with rigid body motion of translation: (a) Exx; (b) Eyy.
Fig. 7. Full-ﬁeld strain Exx and Eyy distribution at global compressive strain of 10%. (a) Experimental data from DIC. (b) Simulation
results.
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compression tests. One-inch cubic foam with uniform density distribution was assumed in this simulation. A
three-dimensional 8-node brick element was used with a mesh of 16 elements per edge for the 1-in. cube spec-
imen. The ﬁnite element model of the cube unit is shown for the original shape and deformed shape at a com-
pression of 10% in Fig. 9. The eﬀect of friction is an additional uncertainty within the experiment that must be
accounted for in the simulation. Simple static friction tests conducted on PMDI foam sliding on the steel com-
ponent simulator indicated the foam had a static coeﬃcient of friction value of 0.26 (Smith et al., 2007). Based
on data from the simple static friction tests, a friction coeﬃcient of 0.26 was assigned to the ADAGIO input
for this simulation. The strain distributions from the simulation of specimen 20 are shown together with the
experimental results from DIC technique in Fig. 7(b) and Fig. 8(b) for the global compressive strain levels of
10% and 20%, respectively. The simulation results are shown for the front surface on which the DIC results are
Fig. 8. Full-ﬁeld strain Exx and Eyy distribution at compressive strain of 20%. (a) Experimental data from DIC. (b) Simulation results.
Fig. 9. Finite element model of 1-in. (25.4 mm) cube foam specimen. (a) Original shape, (b) deformed shape at compression of 10%.
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compressive strain values at the center of the area for Eyy. Other specimens in this set of tests also show
the same inhomogeneous deformation as specimen 20.
5. Local strain concentration at the interface
Fig. 10 shows the geometry of the second set of specimens and the compression direction. The load was
applied to the top and bottom surface of the foam specimens parallel to the foam rise direction, which was
the same as the ﬁrst set of specimens. The experiment was also under displacement control with rate of
0.05 in./s (1.27 mm/s). The load and displacement data were recorded from MTS and the load–displacement
curves are shown in Fig. 11. The diﬀerence in foam density shows an eﬀect on the plateau load of the cubic
foam–steel cylinder structure. The foam specimen with higher density (specimen 25) has a higher plateau load
than that with lower density (specimen 23). The digital images recorded during the test show that the visible
Fig. 10. 1.5-in. (38.1 mm) foam specimen with 0.5-in. (12.7 mm) of diameter steel cylinder along z direction.
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until the failure of the foam at a compression of 7.2 mm, when the stress starts to drop at the end of stress
plateau. The propagation of cracks can be seen from the images of the deformed foam specimens in Fig. 12.Fig. 12. The propagation of the crack during compression. (a) Crack initiation at compression of 2.8 mm where the stress plateau starts.
(b) Foam failure at compression of 7.2 mm where stress drops.
Fig. 13. Full-ﬁeld strain Exx distribution at a global compressive strain of 5.0%. (a) Experimental data from DIC. (b) Simulation results.
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spatial resolution of about 40 lm per pixel. The origin of the coordinate system is set to the center of the cyl-
inder pin. The displacement and strain distributions for test 22 are shown in Fig. 13 for the specimen at the
compression of 0.075-in. (1.9 mm). It can be clearly seen that the strain is concentrated at the interface of steel
cylinder and foam, with maximum concentration at the top and bottom contact area of the interface. The sim-
ulation used an element size of approximately 1 mm, with 38 elements for each side. The modeling results of
strain concentration using the VFM are shown together with the experimental results in Fig. 13 for the surface
on which the DIC data was acquired. The modeling and experimental results show similar strain distributions.Fig. 14. Test conﬁguration for the foam loaded from the cylindrical pin. (a) Without conﬁnement. (b) With conﬁnement.
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foam close to the interface.6. Eﬀects of boundary conditions
For the third set of tests, the specimens were loaded from the cylindrical pin. This set of specimens simu-
lated the foam application as a packaging material to protect sensitive objects when the package is dropped. A
steel ﬁxture was designed to conﬁne the foam specimen during the compression. This set of tests studied theFig. 16. The full-ﬁeld distribution of displacement of specimen pin9 at global compression of 0.04 in. (1.02 mm): (a) displacement x; (b)
displacement y.
Fig. 17. Deﬁnitions of coordinate system and sections.
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imen. Fig. 14 shows the conﬁguration of the test with and without conﬁnement.
The load versus displacement curves for the pin-loaded foam specimens are shown in Fig. 15. It can be seen
that the specimens with conﬁnement failed at larger displacements than the specimens without conﬁnement.
But all the specimens in this set of pin-loaded tests failed at a lower level of load than the second set of tests,
which were loaded from the foam surface as shown in Fig. 11. This set of pin-loaded specimens failed at a load
of approximately 6000 N and each specimen broke into two complete separate pieces just after the visible
crack appeared at a small compression of 0.05-in. (1.27 mm). However, the second set of specimens that were
compressed from the top and bottom surface of the foam failed approximately at a load of 13000 N. The crack
was further developing during the plateau region of the loading curve until a global compression of 0.295-in.
(7.5 mm), at which point the foam failed completely as shown in Fig. 12.
A comparison between the DIC experimental results and VFM simulation results of the full-ﬁeld distribu-
tion of displacement for specimen pin9 at the global compression of 0.04-in. (1.02 mm) is shown in Fig. 16.
The element type and mesh used in the simulation for this set of experiments are the same as those for the
second set of experiments.
To study the eﬀects of the conﬁnement, the experimental results from specimen pin1 without conﬁnement
are compared with the results from specimen pin9 with conﬁnement. Five sections are deﬁned as in Fig. 17 to0
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y = 0, section 1 at y = 0.15-in. (3.8 mm), section 2 at the interface of foam and cylinder with y = 0.25-in.
(6.35 mm), section 3 at y = 0.35-in. (8.89 mm), and section 4 at y = 0.45-in. (11.43 mm).
The distributions of displacement x were compared for tests with and without conﬁnement. All the tests
showed the same distribution at the beginning of the compression loading. As the specimen was further
loaded, the foam specimen with conﬁnement was compressed against the boundary of the conﬁnement
ﬁxture. Therefore, the deformation of the specimen along the x direction was conﬁned by the conﬁnement
ﬁxture. The eﬀects of the conﬁnement at the compression of 0.05-in. (1.27 mm) can be seen by comparing
the displacement x along the deﬁned sections for specimens pin1 and pin9. The distributions of displace-
ment x along the deﬁned sections is shown in Fig. 18(a) for the unconﬁned conﬁguration and Fig. 18(b)
for the conﬁned conﬁguration. The experimental results from DIC are compared with simulation results
using the VFM. It can be seen that the displacement x at the boundary of specimen pin1 without conﬁne-
ment is larger than that of specimen pin9 with conﬁnement. The displacement for specimen pin9 along the
edge is 0.005-in. (0.13 mm), which is the initial clearance between the foam and the conﬁnement ﬁxture.
After the displacement reached the side face of the conﬁnement ﬁxture, the deformation of the foam spec-
imen was conﬁned by the ﬁxture. The corresponding strain concentration along the deﬁned sectionsFig. 19. Comparison of strain distribution at global compression of 0.05-in. (1.27 mm) for specimen without and with conﬁnement. (a)
Strain Exx for pin1. (b) Strain Exx for pin9.
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concentration at the interface and the foam material is more prone to failure than that with conﬁnement.
Therefore, the foam material should be well conﬁned in the packaging application to eﬀectively protect the
sensitive object inside. The clearance between foam material and the outside conﬁnement of the package
should be minimized.
7. Conclusion
In this paper, the 3D-DIC technique was applied to foam specimens under compression tests to calculate
the heterogeneous deformation and strain concentration at the interface. In the compression test of 1.0-in.
(25.4 mm) foam cubes, the inhomogeneity of strain distribution was observed from the DIC data. In the com-
pression test of 1.5-in. (38.1 mm) foam cubes with steel cylinder inclusions, the strain concentration at the
interface between the foam and the steel cylinder was characterized by the DIC data. In the third set of tests,
the specimen was loaded from the cylindrical pin. The conﬁnement made the foam component less prone to
failure. These experiments demonstrated that the 3D-DIC technique can be applied to foam compression tests
to study the local deformation during loading and are applicable to measure large deformation of foams. The
DIC results are valuable in model validation. The simulation results using the VFM compared well with exper-
imental measurements for various cases. The VFM is validated and capable of predicting the mechanical
behavior of foam components in diﬀerent applications.
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Appendix A. Viscoplastic foam model (VFM)
For a porous material, the yield function is dependent on not only the deviatoric stress, but also the hydro-
static stress due to the compressibility of the material. Therefore, the yield function is deﬁned by the eﬀective
stress r and hydrostatic pressure p as in Eq. (1):u ¼ r
2
a2
þ p
2
b2
 1:0 ð1ÞThe stress tensor r is decomposed into isotropic and deviatoric parts,r ¼ s pi ð2Þ
where s is the deviatoric stress, i is the identity tensor, and p is the hydrostatic pressure, deﬁned as follows:p ¼  1
3
r : i ð3ÞThe eﬀective stress r is deﬁned as:r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2
s : s
r
ð4ÞThe evolution for state variables a, b in the yield function is deﬁned by Eqs. (5) and (6), where / is the max-
imum volume fraction of solid material obtained during any prior loading. The material parameters can be
obtained from the material characterization experiments (Neilsen et al., 2006):a ¼ shear strengthþ shear hardening /shear exponent ð5Þ
b ¼ hydro strengthþ hydro hardening /hydro exponent ð6Þ
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where b is a material parameter used to deﬁne the degree of non-associativity. gassociated and gradial are as
follows:gassociated ¼
ou
or
ou
or
  ¼
3
a2 s 23b2 pi
3
a2 s 23b2 pi
  ð8Þ
gradial ¼
r
jrj ¼
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r : r
p ð9ÞFor a plasticity model the ﬂow rule is as follows with the scalar _k simply obtained from the consistency con-
dition for the stress state to remain on or within in the yield surface_ep ¼ _kg ð10Þ
However, the material characterization experiments indicated that the foam response was very sensitive to
strain rate; thus, a simple plasticity model was not adequate. Thus, a new viscoplastic foam model was devel-
oped to capture the eﬀects of strain rate and temperature. In this model, the inelastic strain rate is given as a
power law function of eﬀective stress (Eq. 11). Two additional material parameters are needed: a reference
ﬂow rate h(h) and a power law exponent n(h), which are functions of temperature h._evp ¼ hðhÞ
r
a  1
 nðhÞ
g when r

a  1 > 0
0 when r

a  1 6 0
(
ð11ÞWhere r* is deﬁned by eﬀective stress r and hydrostatic pressure p:r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2 þ a
2
b2
p2
s
ð12ÞThe parameters for the VFM were obtained for series of characterization tests under various conditions (Lu
et al., 2005; Neilsen et al., 2006). The parameter values for foam PMDI 20 at room temperature are listed in
the following table:Parameter Values Parameters ValuesYoung’s modulus 27,420 psi Poisson’s ratio 0.343
Shear strength 630 psi Hydro strength 1193 psi
Shear hardening 4629.0 psi Hydro hardening 7377.5 psi
Shear exponent 2.90 Hydro exponent 4.89
Phi / 0.267 Beta 0.95
Power law exponent n 13.45 Flow rate h 2.32References
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